Summary: Extracellular concentrations of ascorbic acid, glutathione, cysteine, uric acid, tyrosine, and tryptophan were monitored using intracerebral microdialysis in the left frontoparietal cortex of spontaneous hypertensive rats before, and for 3 h after, either focal ischemia [left middle cerebral artery occlusion (MCAO)] or sham oper ation. The size of the ischemic area and the position of the microdialysis probe were checked using the enzyme his totopochemical acid phosphatase reaction. The probe was always located in the cortex inside the stained area. Ascorbic acid levels rose immediately after MCAO and remained at about 12-fold for 3 h. There was a transient Microdialysis (Tossman and V ngerstedt, 1986; Benveniste and Huttemeier, 1990) provides a mini mally invasive method for continuously monitoring changes in concentrations of low-molecular-weight substances in the extracellular (EC) fluid of various organs. It has been used to study cerebral ischemia in the rat, measurements being made mainly in the striatum, one of the areas most susceptible to isch emic damage. Changes have been found in this re gion at the onset of cerebral ischemia in the EC concentrations of various parameters, e. g. , ascor bic acid (Hillered et aI. , 1988), lactate (Hillered et aI., 1989), purine metabolites (Hagberg et aI. , 1987),
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amino acids (Hillered et aI. , 1989) , and dopamine (Globus et aI. , 1988) . In the cortex, EC concentra tions of ascorbic acid (Hillered et aI. , 1990a ) and of energy-related metabolites (Nilsson et aI. , 1990) have been determined in relation to trauma; how ever, to our knowledge, no measurements have ever been made in the rat in this region after isch emia. This is surprising because secondary cortical ischemic changes are frequent in patients after se vere head injury, and decisive for the clinical course. In spite of improvements in intensive care, these lesions are still the main cause of death after brain injury (Graham et aI. , 1989) .
The role of free radical mechanisms in cerebral ischemia has been widely discussed. In a previous study, we measured the total contents (nmollg of fresh tissue) of the antioxidants glutathione (GSH), ascorbic acid (Asc), and cysteine (Cys) and the pu tative free radical marker uric acid (VA) in four brain regions (striatum, parietal cortex, hippocam pus, and cerebellum) during focal ischemia induced by unilateral middle cerebral artery occlusion (MCAO) in spontaneously hypertensive rats (SHRs). We found marked changes in the affected cortex in all of these parameters 4 h after MCAO (GSH and Asc reduced, and UA and Cys in creased). These changes were equal to, or for Asc and GSH even greater than, those in the striatum (Lyrer et aI., 1991) . In the same study, we also mea sured the amino acids tyrosine (Tyr) and tryptophan (Trp) and found them both to be very sensitive pa rameters for ischemia, being already significantly enhanced 0.5 h after occlusion. Changes in cortical EC concentrations of these six substances after MCAO could therefore also be expected.
The aim of this investigation was to use microdi alysis for measuring changes in EC concentrations of Asc, GSH, UA, Cys, Tyr, and Trp in the cerebral cortex of SHRs in a focal ischemia model (unilateral MCAO) and a comparable sham operation. In view of the frequent secondary ischemic damage in pa tients, we hoped that results would also help to as sess if any of the parameters investigated are suit able for monitoring the early onset of ischemia in neurosurgical intensive care. The application of the method to humans has already been described (Meyerson et aI. , 1990; Hillered et aI., 1990b) .
MATERIALS AND METHODS

Ischemia model
Twenty-three male SHRs (Biological Research Labo ratories Ltd., Fiillinsdorr, Switzerland), weighing 250-320 g, with free access to food and water were used for these experiments (for MCAO, n = 11; for sham opera tions, n = 12). Anesthesia was induced by flooding the cage with 3% halothane in oxygen for 3 to 5 min. The animal was then fixed in a stereotactic frame and general anesthesia was continued with 1.25 to 1.5% halothane in oxygen using a nose-fitting mask. Body temperature was maintained between 37.5 and 38SC (rectal) by means of a thermostatically controlled heating pad. A subtemporal craniectomy on the left side was perrormed under the operative microscope according to the description of Tamura et al. (1981) . After opening the dura mater, the stem of the middle cerebral artery was occluded with bi polar coagulation lateral to the olfactory tract for the length of 2 mm (Bederson et aI., 1986) . For the sham operation, the same surgical procedure was performed, except that the edge of the dura was coagulated instead of the middle cerebral artery.
Microdialysis
All apparatus required for the microdialysis was pur chased from Carnegie Medicin (Stockholm, Sweden). The microdialysis system was perfused with Ringer solu tion (Na +, 155 mM; K +, 4 mM; Ca2+, 2.75 mM; HC03 -, 1 mM; Cl-, 163.5 mM; pH 7.1) at a flow rate of 2 ILl/min and dialysates were collected at 0.5 h intervals. Before each experiment, the relative recoveries of Asc, UA, Tyr, and Trp were determined in vitro at one concentration with the probe to be used (CMA/I0, membrane length of 3 mm). As we found that the recoveries of GSH and Cys were dependent on the concentration of the outer medium, they were measured in vitro using a range of concentrations comparable to that in vivo. To avoid changes of relative recovery with time during the first 30 min (Benveniste and Hiittemeier, 1990) , the microdialysis probe was perfused in the corresponding outer medium for 30-60 min before starting measurement.
The probe was implanted in the left frontoparietal cor tex (coordinates: anterior, I mm and lateral, 5.5 mm from the bregma, and depth of 6 mm). Samples were collected until stable conditions were reached (2.5-3 h). The occlu sion or sham operation was carried out as described above and samples were collected for a further 3 h. At the end of the experiment, the rat was not allowed to regain consciousness. The probe was removed without disturb ing its positioning in the stereotactic frame and replaced by another that had been dipped in India ink. This pro cedure enabled the position of the probe to be recognized after the enzyme histochemical staining. The rat was de capitated and the brain was quickly removed and stored at -80°C until required for staining.
Chemical and Histochemical Analysis
Chemical analysis. Dialysates (20 ILl) were analyzed using a high-performance liquid chromatography (HPLC) system as previously described (Honegger et aI., 1989) . Cys and GSH were detected with a gold electrode at 0.5 V and Asc and UA with a glassy carbon electrode at 0.8 V. Another portion (20 ILl) was injected into a second HPLC system in which Tyr and Trp were quantified flu orimetrically (excitation at 270 nm, emission at 310 nm). Figure I shows typical chromatograms obtained by direct injection of a dialysate sample collected after occlusion. Basal levels were calculated as the mean of the last two measurements before occlusion or sham operation.
In some experiments, the pH of the dialysate was mea sured on-line in the outlet of the microdialysis probe using a miniaturized pH electrode mounted in a 20 ILl flow cell (Hamilton AG, Bonaduz, Switzerland).
For the comparison of changes over time for each group, two-way analysis of variance followed by Dun nett's test was used. Statistical differences between oc cluded and nonoccluded animals were determined using the two-tailed Student's t test.
Histochemical analysis. The rat brain was not allowed to thaw. Horizontal sections (20 ILm) were cut starting from the basis cerebri in a cryostat at -20°C. After the first 100 sections, two steps of 50 sections and a final one of 100 were made, the first 4 sections from each step being selected for staining. To determine the size and position of the ischemic area, these sections were stained using the histotopochemical acid phosphatase reaction according to Barka and Anderson (1962) as modified by Meier-Ruge et al. (1987) . The stereologic measurement was performed with a Leitz "A SBA" optical-electronic image analysis system. The location of the probe relative to the stained area was also recorded individually.
RESULTS
As shown by the enzyme histotopochemical staining, an ischemic lesion was present in all 11 rats subjected to MCAO, whereas no lesion was visible in the 12 rats with sham operations. The size of the infarct zone (mean ± SD) was 17.6 ± 3.8 mm 2 , measured in the sections 3 mm above the ba sis cerebri. In addition, as can be seen in Fig. 2 , the microdialysis probe was always located in the stained area of the cortex. Figure 3 shows a photo graph of one stained section.
The recovery rates (means ± SD), as measured before the experiment, were as follows: UA, 22 ± 6.4% and Asc, 16.5 ± 7.1% (n = 23); Tyr, 16.8 ± J Cereb Blood Flow Metab, Vol. 12, No.1, 1992
5.0% and Trp, 18.2 ± 4.3% (n = 17). Table 1 shows the recovery rates of Cys and GSH, and the corre sponding concentrations of the dialysates, at vari ous concentrations of the outer medium. The recov ery rate decreased rapidly at concentrations of the outer medium between 5,000 and 2,500 nM; in fact, recovery was sometimes not measurable in vitro at 2,500 nM (the minimum detectable concentration in our analytic system was 5 nM). Basal levels in vivo for Cys and GSH were also sometimes not measur able; they could be determined in 11 and 16 rats for Cys and GSH, respectively. For rats where the basal level in the dialysate could not be measured, this was taken to be 5 nM. Basal levels (means ± SD) were Asc, 2.45 ± 1.8 f-lM and UA, 700 ± 479 nM (n = 23); Tyr, 495 ± 320 nM and Trp, 147 ± 90 nM (n = 19); Cys, 40 ± 45 nM (n = 19); and GSH, 42 ± 51 nM (n = 21). There were no significant differences between basal levels in rats with occlu sions and those with sham operations.
The concentrations of Asc, GSH, VA, Cys, Tyr, and Trp in the dialysates from the cortex of rats subjected to occlusion and sham operations are shown in Table 2 . In Fig. 4 , the individual values for GSH and Cys at time points after MCAO are given. Asc showed an increase of about 12-fold 0.5 h after occlusion, remaining approximately at this level un til the end of the experiment (all values significantly higher than basal level). After the sham operation, there was a fourfold increase at 0.5 h, which was, however, significantly lower than that after occlu sion. Values remained at the basal level for the rest of the experiment (Table 2 ). For UA, measurements at all time points were higher in the occluded ani mals; however, there were no significant differ ences (Table 2) . After occlusion, levels of both Tyr and Trp rose slowly to between two-and threefold at 3 h, differences from basal level becoming signif icant for both compounds at 1.5 h (Table 2) . GSH concentrations showed an immediate significant in crease lasting about 1.5 h, followed by a return to slightly increased levels. Cys showed an increase that became significant at 1 h (Table 2, Fig. 4) . UA, Tyr, Trp, GSH, and Cys were not significantly in creased after sham experiments compared with basal levels (Table 2) .
In seven animals, the pH of the dialysate was measured continuously on-line. At the flow rate used, the pH, which before occlusion was 6.7 ± 0.08, sunk significantly (p < 0.05) after occlusion (with a methodological delay of 6 min) by an aver age of 0.34 units (range of 0.24 to 0.47 units). It remained at this lower level until the end of the experiment. There were no changes in pH after sham operations. These results report changes in the concentra tions of six parameters in cortical dialysates from SHRs after MCAO. We had originally planned to use Sprague-Dawley rats; however, results ob tained using this strain were inconsistent. Following eight MCAOs, Asc concentrations rose only five times and GSH only twice; there were no changes in Cys, UA, Tyr, or Trp (unpublished observa tions). It is known that the infarct in Sprague Dawley rats is much more variable and the infarcted volume about 50% smaller than in SHRs (Duverger and MacKenzie, 1988) . Probably, the microdialysis probe, though inserted stereotactically in the same L R position for each experiment, was sometimes not in, or only at the edge of, the infarcted zone.
With SHRs, ischemic areas after MCAO were uniform, as could be seen in the stained sections. The difficulties arose, rather, in the sham operation, in which spasms of the MCA, accompanied by changes in the measured parameters, sometimes oc curred, although the dura was coagulated clearly distant from the artery. Coagulation near the cross ing site of the artery with the olfactory nerve tended to produce a more pronounced spasm.
Our finding of greatly increased Asc in cortical dialysates confirms that of Hillered et al. (1988) , who showed that focal ischemia is associated with an immediate increase in extracellular Asc in the Recovery rates were always measured after 30-60 min of perfusion. Three different probes were used.
striatum of Sprague-Dawley rats. It has been re ported that Asc is an antagonist of the N-methyl-D aspartate (NMDA) receptor (Majewska et al., 1989) , whose hyperactivity leads to neuronal death after ischemia via calcium overload. High extracel lular levels of Asc could thus have a neuroprotec tive action. On the other hand, Hillered et al. (1990a) have suggested that certain concentrations of Asc can induce nonenzymic, iron-dependent lipid peroxidation that causes membrane damage. It
is not yet possible to decide whether high extracel lular levels of Asc are beneficial or harmful for the ischemic brain. VA has previously been measured in the EC fluid of rats (Kenduck and Leng, 1988) , though neither in cortex nor after ischemia. This substance is the end product of purine catabolism, which is known to be accelerated during ischemia. The striatal EC con centrations of precursors of VA (adenosine, inosine, and hypoxanthine) increased markedly on the occluded side following MCAO (Hillered et al., 1989) . The levels of VA in tissue homogenates of the affected cerebral hemisphere were also reported to rise slowly and to be still rising 4 h after surgery (Kanemitsu et al., 1988) . Although our results did not reach statistical significance, the slow and steady increase in V A following focal ischemia showed the expected trend.
Neither GSH nor Cys has been investigated be fore using microdialysis. It has always been as sumed that the relative recovery of a substance is independent of its outer concentration (Benveniste and Hiittemeier, 1990) . However, we have consis tently found that this is not the case with Cys and GSH in vitro at concentrations between 2,500 and 20,000 nM. An increase of 8-fold in the outer con centration was reflected as increases in microdialy sate concentrations of 800-fold for Cys and 200-fold (n = 12)
Cysteine MCAO 32 ± 44 1,070 ± 1,059 b 2,297 ± 2,038a b 2,381 ± 1,985" b 2,262 ± 1,866" b 3,549 ± 2,861a b (n = 10)
Tryptophan MCAO 139 ± 61 186 ± 87 218 ± 83 235 ± 100" 239 ± 123a b 301 ± 140a b (nM) (n = 9)
Sham 154±113 142 ± 146 158 ± 192 154 ± 161 118 ± 120 100 ± 73
(n = 10)
3.0 h 18.14 ± 3.72a b
2.00 ± 1.39 (9) 939 ± 471 (9) 578 ± 476 (9) 2,817 ± 2,454a b 
516 ± 292 (7) 298 ± 145a b
141 ± 104
Basal level is calculated as the mean of the last two 30 min fr actions before occlusion/sham. Hours indicate time point after operation. The figures in parentheses give the number of animals, when this is different from that in the second column. • represents the time point of the operation. The numbers of animals are given in Table 2 .
for GSH ( Table I) . It is possible that the thiol groups interact with the dialysis membrane via an unknown mechanism, as has been reported for other transported substances (Benveniste and Hiit temeier, 1990) . Although it is known that in vivo recovery for some substances is lower than in vitro (Benveniste and Hiittemeier, 1990) , we can esti mate from Table 1 that the basal concentrations of Cys and GSH in the dialysate (40 nM) must be at least 3,000 nM in the EC fluid. After MCAO, GSH showed an immediate in crease in concentration in the microdialysate, to a maximal value of 644 nM at 0.5 h (Table 2) . It can be seen from Table 1 that this corresponds to an outer concentration of approximately 7,500 nM, an esti mated increase in EC levels of about 2.5-fold over the basal level of 3,000 nM. The efflux was more transient than that of Asc, lasting only 1.5 h (Fig. 4) . Perhaps, the high extracellular levels could not be maintained because the intracellular stores were used up and synthesis disturbed, since we found a 75% reduction in total tissue levels of GSH on the occluded side 4 h after MCAO (Lyrer et aI., 1991) . Besides having antioxidant properties, GSH has been proposed as an NMDA receptor antagonist (Majewska et aI., 1989) and could thus have a neu roprotective effect in the same way as Asc.
Cys concentrations were increased in the dialy sate in all animals after occlusion, although the magnitude of the increase was rather variable (Fig.  4) . Table 1 shows that the maximal concentration in the microdialysate of 3,549 nM at 2.5 h corresponds to a concentration of 18,000 nM in the outer medium, representing an estimated increase in EC lev els of about sixfold over the basal level of 3 ,000 nM. The dispersion of the values was not related to the size of the infarct or to the position of the probe in the stained area (central or outer zone), as shown by the histotopochemical investigation. It might be partially explained by the nonlinear recovery at low concentrations. In addition, in two of nine cases the release was much lower than in the others (382 or 512 nM at 3 h, compared with the mean value of 2,817 nM), in spite of a normal rise of the other substances. This indicates that the response of Cys to occlusion differs between individuals. Neverthe less, the increase became significant compared with basal levels after 1 h, and remained so for the rest of the experiment. The efflux of Cys is of interest be cause this amino acid showed activity in a retinal excitotoxicity assay, the lesion being blocked by a selective antagonist of NMDA receptors (Pullan et al., 1987) . The high concentrations of Cys after ischemia could thus potentiate neuronal death by receptor-mediated calcium overload, in the same way as glutamate and aspartate. The extracellular levels of the two amino acids Tyr and Trp increased slowly to values of two-to threefold greater than basal levels. Increases in extracellular levels of ala nine/tyrosine and methionineitryptophan (double peaks in HPLC) after MCAO have also been re ported in the striatum (Hillered et aI., 1989) . The changes found in concentrations of Cys, Tyr, and Trp could be explained by the acceleration in pro tein breakdown known to occur after ischemia.
The pH of the cortical dialysates before occlusion was somewhat lower than extracellular values re ported in the literature (e. g. , Siesjo et aI. , 1985) . This finding needs further investigation; it might be partially explained by the fact that the pH meter, when perfused with Ringer solution containing bi carbonate, was more sensitive to changes in CO 2 than to changes in hydrogen ion concentration.
In conclusion, using microdialysis, we have found ischemia-induced release into the EC fluid of Asc, GSH, Cys, Tyr, and Trp. Because the changes in Asc, GSH, and Cys are large and can be detected at an early stage, we consider that these parameters might be used for microdialytic monitoring of sec ondary ischemic events in neurosurgical intensive care. On-line measurement of the pH of the mi crodialysate, as described in this paper, would also be of great interest for this purpose.
